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Brain-computer interface (BCI) technology is being incorporated into new stroke
rehabilitation devices, but little is known about brain changes associated with its use.
We collected anatomical and functional MRI of nine stroke patients with persistent upper
extremity motor impairment before, during, and after therapy using a BCI system. Subjects
were asked to perform finger tapping of the impaired hand during fMRI. Action Research
Arm Test (ARAT), 9-Hole Peg Test (9-HPT), and Stroke Impact Scale (SIS) domains of
Hand Function (HF) and Activities of Daily Living (ADL) were also assessed. Group-level
analyses examined changes in whole-brain task-based functional connectivity (FC) to seed
regions in the motor network observed during and after BCI therapy. Whole-brain FC
analyses seeded in each thalamus showed FC increases from baseline at mid-therapy
and post-therapy (p < 0.05). Changes in FC between seeds at both the network and the
connection levels were examined for correlations with changes in behavioral measures.
Average motor network FC was increased post-therapy, and changes in average network
FC correlated (p < 0.05) with changes in performance on ARAT (R2 = 0.21), 9-HPT (R2 =
0.41), SIS HF (R2 = 0.27), and SIS ADL (R2 = 0.40). Multiple individual connections within
the motor network were found to correlate in change from baseline with changes in
behavioral measures. Many of these connections involved the thalamus, with change in
each of four behavioral measures significantly correlating with change from baseline FC of
at least one thalamic connection. These preliminary results show changes in FC that occur
with the administration of rehabilitative therapy using a BCI system. The correlations noted
between changes in FC measures and changes in behavioral outcomes indicate that both
adaptive and maladaptive changes in FC may develop with this therapy and also suggest a
brain-behavior relationship that may be stimulated by the neuromodulatory component of
BCI therapy.
Keywords: brain-computer interface, stroke rehabilitation, functional connectivity, BCI therapy, UE motor recovery,
fMRI
INTRODUCTION
Decreases in stroke mortality rates began accelerating in the 1970s
(Lackland et al., 2014), and reduced stroke mortality was named
as one of the 10 great public health achievements in the United
States from 2001 to 2010 by the Centers for Disease Control and
Prevention (2011). These trends have contributed to a growing
population of stroke survivors currently estimated at 4 million
individuals in the United States alone (Go et al., 2014). Neverthe-
less, approximately 795,000 individuals experience a new stroke
each year (Go et al., 2014), with up to 50% of survivors suffering
from some persistent neurological disability (Kelly-Hayes et al.,
2003). Stroke continues to be a leading cause of serious long-
term disability, resulting in billions of dollars of economic costs
each year (Towfighi and Saver, 2011). Given the magnitude of
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such costs and the growing population of stroke survivors, there
is a need for a better understanding of the mechanisms that
underlie stroke recovery and new methods to facilitate stroke
rehabilitation.
Functional connectivity (FC) is a measure of the temporal
correlation of activation between spatially separate brain regions.
Such activation has been shown to be distributed among neuronal
areas via functionally or structurally connected networks of neu-
rons (Biswal et al., 1995; James et al., 2009; Nocchi et al., 2012;
Jiang et al., 2013; Varkuti et al., 2013). With regard to stroke reha-
bilitation, the understanding of the FC changes that result from
stroke and those observed during the recovery process is a grow-
ing area of interest that may be used to guide future therapeutic
approaches (James et al., 2009; Grefkes and Fink, 2011; Westlake
and Nagarajan, 2011; Jiang et al., 2013; Varkuti et al., 2013). One
study of subcortical stroke survivors has shown reorganization in
the ipsilesional motor cortex to be strongly associated with post
stroke recovery (Zhang et al., 2014). However, another study of
subcortical stroke patients found different patterns of increased
resting-state FC in the sensorimotor network in those with right
hemisphere strokes compared to those with strokes in the left
hemisphere (Wang et al., 2014). Clearly, there is much to be
learned in the process of characterizing not only changes in
FC observed in stroke patients but also in understanding how
these changes may be modulated during recovery facilitated by
rehabilitative therapies.
Brain-computer interfaces (BCIs) are systems which use
detected neural activity to generate real time feedback and
present this feedback to the user whose neural activity is being
monitored. The user can then use this feedback to learn how
to modulate context-specific brain activity. These technologies
are being incorporated into a new class of devices intended
to facilitate stroke rehabilitation with some success in small-
scale studies (Buch et al., 2008; Daly et al., 2009; Broetz et al.,
2010; Prasad et al., 2010; Caria et al., 2011; Shindo et al., 2011;
Liu et al., 2012; Takahashi et al., 2012). A growing number
of studies have shown changes in brain activation associated
with imaginary and attempted movements of an impaired upper
extremity with the use of these devices in rehabilitative applica-
tions intended to improve motor function (Broetz et al., 2010;
Caria et al., 2011; Ramos-Murguialday et al., 2013). There is
evidence that such changes in activation are accompanied by
changes in FC to the areas targeted by training with the BCI
system (Rota et al., 2011). In one study of stroke patients,
gains in resting-state FC observed after rehabilitative therapy
using a BCI device also correlated positively with gains in
motor outcomes documented during the same period (Varkuti
et al., 2013). However, studies of FC changes observed with the
administration BCI therapy remain limited. A more complete
understanding of FC changes in response to therapies using
BCI systems and how these changes may relate to behavioral
outcomes is important in understanding the mechanisms that
underlie clinical gains that may be elicited with this new class of
devices.
The aim of this paper is to identify changes in motor network
FC observed with the administration of interventional rehabil-
itation therapy using a BCI device and to examine how these
changes might relate to behavioral outcomes in stroke patients.
We hypothesize that FC in the motor network during finger
tapping of the impaired hand will increase with the administra-
tion of BCI therapy and that these increases will correlate with
gains in behavioral measures assessed outside of the scanner.
MATERIALS AND METHODS
PARTICIPANT RECRUITMENT AND CHARACTERISTICS
Thirty patients with persistent upper-extremity motor
impairment resulting from ischemic or hemorrhagic stroke
were contacted regarding study participation. Of these, 16
expressed interest in participating in our study with nine
individuals having completed a full course of BCI therapy
and MRI assessments thus far. Exclusion criteria included the
presence of neurodegenerative disorder (e.g., dementia), other
neurological or psychiatric disorders (e.g., schizophrenia), and
the inability to provide informed consent. Subjects were also
excluded if they had allergies to electrode gel used during the
therapy sessions, if they had undergone treatment for recent
infectious diseases, if lesions of the oral mucosa were present,
if they were pregnant or likely to become pregnant during
the course of the study, or if they were unable to safely and
comfortably undergo MRI. Of the nine subjects described in
this paper (6M, 3F), the average age was 62 years (SD = 9.2
years). Average time from stroke onset was 12.9 months (SD
= 7.9 months). More subjects were right-handed (N = 7) than
left-handed, and more subjects had right-sided impairments (N
= 7) than left-sided impairments, but these differences were not
significant (p = 0.18). This study was approved by the University
of Wisconsin Health Sciences Institutional Review Board. All
subject provided written informed consent prior to participation.
INTERVENTION SCHEDULE AND BEHAVIORAL ASSESSMENTS
Subjects were assessed no more than 1 week prior to the start
of BCI therapy (pre-therapy), at the midpoint of therapy, within
1 week after completion of all BCI therapy (post-therapy), and
1 month after the end of the BCI therapy period. Each assessment
involved obtaining both behavioral measures as well as MRI scans.
Four of the nine subjects were also administered the behavioral
assessment at three additional time points during a pre-therapy
monitoring period prior to the administration of any BCI therapy.
Behavioral measures administered at each assessment included
the Action Research Arm Test (Carroll, 1965; Lang et al., 2006),
the 9-Hole Peg Test (9-HPT) (Beebe and Lang, 2009), and the
Stroke Impact Scale (SIS; Duncan et al., 1999; Carod-Artal et al.,
2008). Scores for the 9-HPT were calculated as the average of two
attempts using the impaired hand. ARAT scores reflect a total
score assigned for the subject’s impaired hand. Of the domains
of the SIS, this study focused on the Activities of Daily Living (SIS
ADL) and Hand Function (SIS HF) domains, as these represent
the domain most closely related to the motor functions practiced
with the BCI therapy administered (SIS HF) and the domain
most reflective of global function (SIS ADL) that may inform
the clinical implications of the results. SIS domain scores were
transformed to yield a percentage of possible points obtained, in
accordance with standard SIS scoring practice. All SIS domain
scores discussed in this paper refer to these transformed scores.
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BCI THERAPY AND SESSION SEQUENCE
All subjects received up to 15 2-h sessions of interventional
therapy using an EEG-guided BCI device, which incorporated
visual display, tongue stimulation, and functional electrical stim-
ulation as feedback. These BCI therapy sessions were scheduled
over the course of up to 6 weeks with no more than three sessions
per week.
All BCI therapy was set up using BCI2000 software (Schalk
et al., 2004) version 2 with in-house modifications to allow for
administration of additional tongue stimulation (TDU 01.30,
Wicab Inc.) and functional electrical stimulation (LG-7500,
LGMedSupply; Arduino 1.0.4). A 16-channel EEG cap and ampli-
fier (Guger Technologies) were used for the detection and record-
ing of all EEG signals during the BCI therapy sessions. Each
2-h session began first with an open-loop screening task used to
identify appropriate control signals. During the screening task,
the subject was cued to perform attempted movement of either
hand alternating with periods of rest using the cues “right”, “left”,
and “rest”. The specific movements used varied across subjects, as
the specific movements used were individualized to the baseline
abilities and recovery goals of each patient. Repeated opening and
closing of the hand and wrist extension were common choices
among subjects in this study, although some chose to use wrist
flexion or squeezing motions. Cues were shown as words on a
screen one at a time in blocks of 4 s. Each cue was shown at least
10 times at the beginning of each session. During this screening
task, no feedback was provided to the subject. Data collected
during these open-loop trials then determined appropriate EEG-
based control features to guide all subsequent closed-loop tasks,
using a process previously described to determine optimal control
features (Wilson et al., 2009).
Attempted movement rather than motor imagery was used for
both initial screening and for subsequent closed-loop feedback
conditions with the intent of making the training conditions
of the neurofeedback task as similar as possible to the mental
processes invoked when attempting functional real world move-
ment. This was done because when using the BCI system as
an assistive feedback device for rehabilitative therapy to help
reestablish function, rather than as an augmentative means of
replacing a lost function, it is important for the effects of the
training to be accessible to the subject beyond the laboratory envi-
ronment. Therefore, we based control signals on neural activity
patterns generated during attempted movements in an attempt to
maximize the extent to which the context-specific strengthening
of movement-related patterns of brain activity might persist and
benefit the individual when attempting movements beyond the
therapy period.
While many BCI systems were originally controlled using
motor imagery alone, these early systems were developed using
individuals without motor impairments with motor imagery
used as a way to establish the ability to control a BCI device
independent of the production of normal movements (Leuthardt
et al., 2004). Later studies demonstrating the ability of impaired
individuals to successfully achieve similar control of BCI devices
as seen with healthy subjects continued with the use of motor
imagery, recreating similar task conditions to those with which
healthy subjects were trained and often relying on paradigms
that did not target use of actual deficits present in the impaired
populations tested (Wolpaw and Mcfarland, 2004). It may also
be important to acknowledge that many early BCI devices were
developed to function as augmentative devices rather than for
rehabilitative purposes, which may partially explain the heavy
emphasis on using mental tasks like motor imagery that could
be performed consistently in the absence of any actual movement
over mental tasks that might also produce more heterogeneous
amounts of physical movements due to variations in the severity
of deficits among subjects. Therefore, while these early systems
established a precedent of motor imagery as a standard method
for training with motor-oriented BCI devices, this tradition does
not preclude the ability of an individual to control the device
with mental tasks other than motor imagery and even with brain
regions anatomically distinct from the sensorimotor cortical areas
that are often used (Felton et al., 2007).
BCI devices that rely on motor imagery continue to be used
today for both rehabilitative (Buch et al., 2008; Daly et al., 2009;
Broetz et al., 2010; Prasad et al., 2010; Caria et al., 2011; Shindo
et al., 2011; Varkuti et al., 2013) and augmentative (Kubler et al.,
2005) purposes, although newer systems have also incorporated
actual movement into their protocols using BCI systems for reha-
bilitative purposes with some success (Daly et al., 2009; Prasad
et al., 2010; Takahashi et al., 2012; Ramos-Murguialday et al.,
2013; Mukaino et al., 2014). While therapy using our BCI system
encourages actual attempted movements rather than imagined
movements during both open-loop and closed-loop conditions,
we believe that this system can still be classified as a BCI as the
feedback provided by the device is controlled purely by neural
signals detected by EEG, creating a real time interface between the
brain and the computer-generated stimuli.
Subjects were then taught to perform a closed-loop task during
which real time visual feedback was presented to help the subject
learn to modulate cortical activity during attempted movement of
each hand. This feedback was presented in the context of a game.
The subject was instructed to move a cursor onto a target area.
Target areas were presented on either the left or right side of the
screen, and subjects were instructed to use movement of the left
or right hand to move the cursor in the left or right direction
respectively. Lateral cursor movement was determined by the
subject’s real time EEG signals, with cortical activity associated
with attempted left (right) hand movement translating to leftward
(rightward) movement of the cursor. At each therapy session,
subjects first completed a goal of at least 10 runs, each run
consisting of 8–12 trials and each trial presenting one of four
targets, with visual feedback alone as described.
After approximately 10 trials with visual feedback alone, func-
tional electrical stimulation and tongue stimulation were added
to the same game play task. Functional electrical stimulation was
applied to the muscles of the impaired arm and triggered such that
electrical stimulus was only delivered when appropriate neural
activity signals corresponding to attempted movement of the
impaired hand were detected on EEG during a trial in which it was
necessary to move the cursor toward a target on the impaired side
of the body. Tongue stimulation paralleled the spatial information
of visual feedback, providing continuous electrotactile stimula-
tion of the tongue on an electrode grid during each trial. Stimulus
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delivered in areas of the tongue stimulation grid represented the
positions of the cursor and target on screen.
Subjects were allowed to take short breaks between trials if
desired or upon request. In order to keep the sessions more
interesting, game dynamics (e.g., size of the target) could be
changed to make the task more difficult once subjects achieved
adequate cursor control and accuracy (approximately 70% of
targets attained) at a given level of difficulty. Similarly, if a subject
who had previously been advanced to a more difficult level of
game play showed a sudden reduction in their ability to control
the cursor, the level of difficulty could be reduced temporarily as
the subject reattained sufficient control to increase the proportion
of targets attained. These adjustments were made to help keep the
subject engaged at a task that is consistently challenging enough
to minimize boredom but not so challenging that the subject loses
motivation.
MRI TASK INSTRUCTIONS
Subjects were scanned during a block-design task fMRI during
which they were instructed to alternate finger tapping of the
impaired hand with rest in 20 s blocks. Cues to the tap and
rest conditions were given using either visual or tactile cues.
Subjects unable to generate tapping movements on their own
performed assisted tapping during tap blocks. For both functional
and anatomical scans, subjects were instructed to lie still and
attempt to minimize any head movements.
MRI ACQUISITION AND PROCESSING
All MR images were acquired on one of two GE MR750 3T
scanners (GE, Milwaukee, Wisconsin) equipped with high-speed
gradients and using an 8-channel head coil. Padding around
subjects’ heads was used to help minimize movement. Func-
tional scans were obtained using a T2∗-weighted gradient-echo
echo planar imaging (EPI) pulse sequence sensitive to BOLD
contrast: field of view 224 mm, matrix 64 × 64, TR 2600 ms,
TE 22 ms, flip angle 60◦, acquiring 40 axial plane slices of
3.5 mm thickness with 3.5 mm spacing between slices. In total,
70 sequential whole-brain acquisitions were recorded during each
functional scan. A T1-weighted high-resolution anatomical image
was also obtained during each scanning session using a BRAVO
FSPGR pulse sequence: field of view 256 mm, matrix 256 ×
256, TR 8.16 ms, TE 3.18 ms, flip angle 12◦, and 156 axial
plane slices of 1 mm thickness with 1 mm spacing between
slices.
All processing and pre-processing of MR scans was performed
using Analysis of Functional NeuroImages (AFNI; Cox, 1996).
The first four volumes of each functional scan were removed to
allow for signal stabilization. Functional data sets were motion
corrected and spatially smoothed at 6 mm with a full width at half
maximum Gaussian kernel. Each voxel time-series was scaled to a
mean of 100, and six motion parameters were regressed out. EPI
data sets were visually inspected for alignment with anatomical
T1 datasets, using align_epi_anat.py to align the anatomical T1
scan to the EPI data set if alignment was not acceptable upon first
inspection.
Each of seven regions previously identified as components of
the motor network (Shirer et al., 2012) was seeded with an ROI
of radius 6 mm. Regions were the left thalamus, right thalamus,
left primary motor cortex, right primary motor cortex, right
supplementary motor area, left cerebellum, and right cerebellum.
Whole-brain connectivity analyses to each seed region were con-
ducted using the motion regressed residual time-series derived
from the functional scans. Whole-brain connectivity maps were
then transformed into a standardized brain space (Talairach and
Tournoux, 1988). For the two subjects with right-sided stroke
lesions, images were flipped along the mid-sagittal line so that in
group-level comparisons the left hemisphere was ipsilesional and
the right hemisphere was contralesional.
STATISTICAL ANALYSIS
All statistical analyses were conducted using either AFNI (Cox,
1996) software or in R statistical software (version 3.0.1). A
paired t-test was used to identify areas of significant connectiv-
ity change at the group level. Maps were cluster corrected for
multiple comparisons, with minimal cluster size 300 voxels, and
thresholded at t ≥ 2.366 (p < 0.05). Within-subject correlation
matrices for the 21 (7 × (7 − 1)/2) pairs of ROI seeds were
computed from motion regressed residual time-series for each
subject. The Fisher Z-transform was applied to each of these
correlation coefficients to produce measures of an approximately
normal distribution, and these transformed coefficients were then
used in all subsequent analyses.
Average network connectivity was calculated by averaging all
21 transformed correlation coefficients representing functional
connections between each pair of seeds in the motor network.
Connections were classified as either interhemispheric or intra-
hemispheric, and these groups were analyzed for differences using
linear mixed effects modeling.
Changes from pre-therapy baseline in correlation strength
between each pair of seed regions were analyzed for correlation
with changes from baseline behavioral measures. This was done
first by calculating Pearson’s r and applying fdr correction to
the resulting p-values obtained for each correlation examined,
making the assumption of independence among data points. Rec-
ognizing that these data follow the same individuals at multiple
time points and are therefore not truly independent, a follow-up
analysis of correlations found to be significant using Pearson’s r
and fdr correction was conducted using generalized estimating
equations (GEE), which does account for the repeated measures
component of the data collected but requires the assumption
that an independent and dependent variable can be named in
the model. Subjects that exhibited floor or ceiling effects in




Group performance on each of the four behavioral measures
assessed is summarized in Table 1. No significant group dif-
ferences in behavioral measures were found when comparing
mid-therapy, post-therapy, and 1 month post therapy assessment
scores with pre-therapy baseline measures in any of the four
behavioral outcomes. The average amount of change observed
in behavioral measures during the pre-therapy period and
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Table 1 | Group averages on each of four behavioral measures at each of four time points.
ARAT 9-HPT SIS ADL SIS HF
(points) (seconds) (score) (score)
Pre-therapy 27.78 (9.06) 52.59 (7.89) 68.06 (6.30) 26.11 (9.67)
Mid-therapy 26.44 (8.60) 52.10 (7.53) 72.22 (6.28) 30.56 (10.59)
Post-therapy 28.11 (9.03) 53.13 (6.70) 68.89 (5.59) 28.89 (10.30)
One month after BCI therapy 25.38 (10.09) 41.33 (7.00) 70.31 (6.02) 25.31 (10.74)
Numbers shown are group averages with standard error of the mean in parentheses. Scores for ARAT, SIS ADL, and SIS HF reflect data from all nine subjects.
Scores for 9-HPT reflect values of only the four subjects who were able to complete the task within the allotted 5 min. ARAT = Action Research Arm Test, 9-HPT =
Nine-Hole Peg Test, SIS ADL = Stroke Impact Scale—Activities of Daily Living, SIS HF = Stroke Impact Scale—Hand Function.
Table 2 | Average change observed during pre-therapy and BCI therapy periods for each of four subjects with additional behavioral
assessments prior to the start of BCI therapy.
ARAT 9-HPT SIS-ADL SIS-HF
(points) (seconds) (score) (score)
Pre- BCI Pre- BCI Pre- BCI Pre- BCI
Subject Therapy Therapy Therapy Therapy Therapy Therapy Therapy Therapy
A Floor Floor Unable Unable −11.67 5 1.67 −5
B −0.33 2.5 −33.51 −3.49 −2.5 3.75 −1.67 0
C 2.67 10 Unable Unable −11.67 2.5 0 26.67
D 2 −4.33 −26.11 17.52 −2.5 −21.67 18.33 −21.67
Floor = a floor effect was observed in which the subject was unable to score points for the measure at any time point assessed. Unable = subject was unable to
perform the task within the allotted 5 min time period. ARAT = Action Research Arm Test, 9-HPT = Nine-Hole Peg Test, SIS ADL = Stroke Impact Scale—Activities
of Daily Living, SIS HF = Stroke Impact Scale—Hand Function.
during the BCI therapy period for each of the four subjects who
completed three additional behavioral assessments prior to the
start of BCI therapy is presented in Table 2. Changes for these
subjects during the pre-therapy period were smaller in magnitude
for the ARAT and SIS HF scores. Average change in SIS ADL
was negative for all four subjects during the waitlist period, with
positive changes noted during the BCI therapy period in three of
the four.
BCI PERFORMANCE RESULTS
The average performance accuracy across all subjects for the BCI
cursor task for each session is shown in Figure 1A. Subjects
were able to consistently maintain an average accuracy above 0.5,
meaning that on average subjects were able to successfully control
the cursor well enough to achieve successful target attainment in
over half the trials. This maintenance of greater than 50% overall
accuracy throughout the therapy period was accompanied by a
general increase in the average Fitts’s Index of Difficulty (Fitts,
1954) for each session, as can be seen in Figure 1B. The pattern
of relatively constant accuracy over sessions along with a general
increase in difficulty is consistent with the method of increasing
task difficulty at an individualized pace, advancing individual
subjects to more difficult game play parameters once they able
to increase accuracy on individual runs to approximately 70%.
Individually, a binomial test of each subject’s performance showed
individual accuracies across all completed non-adaptive runs to
be significantly greater than chance (p < 0.05 for each subject).
Due to a computer error, BCI performance data was lost for a
small number of runs; however, these lost runs represented less
than 4% of all applicable data and were not known to be different
from the remaining 96% of runs used in the analysis presented.
fMRI WHOLE-BRAIN CONNECTIVITY ANALYSIS
Maps of significant increases in FC to thalamic seed regions
are shown in Figure 2. At mid-therapy, increases in FC were
noted between the ipsilesional thalamus seed and parts of the
bilateral precuneus and bilateral cingulate. Increases were also
noted between the contralesional thalamus and the contralesional
cerebellum as well as with the bilateral precuneus. Upon comple-
tion of BCI therapy, increases were noted between the ipsilesional
thalamus and the contralesional cingulate, contralateral paracen-
tral lobule, and the bilateral precuneus. Increases were also noted
between the contralesional thalamus and the bilateral anterior
cingulate and the ipsilesional superior and middle frontal gyri.
Significant group-level changes in FC at mid-therapy and as well
as upon completion of therapy were not observed for other seed
regions.
NETWORK CONNECTIVITY ANALYSIS
The average connection strength over the entire network was
increased from baseline upon completion of BCI therapy, but
this increase was not statistically significant. No individual con-
nections within the network showed significant changes from
baseline at the group level during the study period.
Analyses of the interhemispheric and intrahemispheric com-
ponents of the network showed no significant differences between
the two types of connections in connection strength or in patterns
of change over the study period. As shown in Figure 3, the
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FIGURE 1 | Average accuracy in percent successful trials (A) and
average Fitt’s Index of Difficulty (B) by run for all non-adaptive runs of
BCI cursor task game play across all subjects grouped by session. The
red line in the graph of accuracy for each session is drawn at 0.5, which
represents the level at which half of trials would be successful. Error bars
represent the standard error.
average within-subject interhemispheric connection strength cor-
related with average within-subject intrahemispheric connection
strength using a Pearson’s r calculation (R2 range 0.77–0.95;
p< 0.002 at all four time points).
BEHAVIORAL CORRELATIONS WITH CHANGES IN MOTOR NETWORK
CONNECTIVITY
Changes from pre-therapy baseline in average within-subject net-
work connectivity across the pre-, mid-, post-, and 1 month after-
therapy time points correlated to changes in all four behavioral
measures using Pearson’s r. As shown in Table 3, these relation-
ships remained significant using a GEE approach for the 9-HPT
(Figure 4A), SIS ADL (Figure 4B), and SIS HF (Figure 4C)
measures.
BEHAVIORAL CORRELATIONS WITH CHANGES IN INDIVIDUAL
CONNECTION STRENGTHS
A summary of Pearson’s correlations found to be significant after
fdr correction that also survived GEE analysis between changes
in individual connection strength within the motor network and
changes in behavioral scores is presented in Table 4. At least one
connection achieved significance using both methods for each of
the four behavioral measures examined. Of these connections,
the majority were connections involving either the ipsilesional or
contralesional thalamus.
DISCUSSION
The results of these preliminary analyses are suggestive of a rela-
tionship between the changes in FC and those in behavioral out-
comes observed with the administration of BCI therapy. Although
no significant behavioral gains were demonstrated at the group
level, behavioral measure changes during the pre-therapy and BCI
therapy periods for subjects assessed at additional time points
prior to intervention suggest that on the individual level there
may still be a differential response to therapy using the BCI system
not explained by practice effects on different behavioral tasks. The
lack of significant group changes over the course of the therapy
period in overall FC at the network and connection levels may be
due to the small number of individuals included in these analyses,
rendering them underpowered to identify more subtle changes
that may have been present.
The thalamus is a component of the motor network (Shirer
et al., 2012) that lesion studies in both primates (Bornschlegl
and Asanuma, 1987; Canavan et al., 1989) and humans (Lee and
Marsden, 1994) have shown to be important for normal motor
learning and motor function. In the context of motor recovery
after stroke, increases in ipsilesional thalamic activation have been
shown to correlate with motor performance in chronic stroke
patients undergoing treadmill training (Enzinger et al., 2009),
and abnormalities in resting-state FC with the thalamus have
been found in stroke patients, with some of these connections
found to correlate with motor outcomes (Wang et al., 2010;
Park et al., 2011). One longitudinal study of subcortical stroke
patients observed changes in FC between the ipsilesional tha-
lamus and contralesional areas that correlated with functional
outcomes during the first year following stroke (Wang et al.,
2010). Another study focusing on supratentorial stroke patients
found increased FC between the ipsilesional motor cortex and the
bilateral thalamus compared to healthy controls, with FC between
the ipsilesional motor cortex and the contralesional thalamus
correlating positively with motor recovery 6 months following
stroke (Park et al., 2011).
While the use of an EEG-guided BCI device rewards the mod-
ulation of largely cortical neural activity without direct feedback
intended to target subcortical activity due to the nature of EEG,
the finding of significant changes in FC to each thalamus in these
patients indicates that changes in thalamic FC may be encouraged
by the brain-driven nature of BCI therapy. These increases may
relate to the fact that feedback from the BCI device used in this
study is controlled in part by desynchronization of the mu rhythm
over the sensorimotor cortex, which is thought to be produced by
thalamocortical circuits (Niedermeyer and da Silva, 2005). Fur-
thermore, it is possible that the achievement-based constraints of
the BCI-guided task employed in this therapy, which encourages
and rewards appropriate cortical activity with the attainment of
a target that can be counted or scored, contribute to this effect.
The areas observed to have increased FC to the ipsilesional and
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FIGURE 2 | Areas of group-level increases from pre-therapy baseline in FC to seeds in the ipsilesional (A, C) and contralesional (B, D) thalami
observed mid-therapy and upon completion of therapy. Hemispheres shown on the right side in the image correspond to the ipsilesional hemisphere.
FIGURE 3 | Average within-subject interhemispheric and
intrahemispheric connection strengths correlated throughout the BCI
therapy study period.
contralesional thalami in this study, in particular the precuneus,
cerebellum, cingulate, and anterior cingulate, have been
implicated in a number of cognitive processes including
visuospatial imagery (Cavanna and Trimble, 2006; Timmann
and Daum, 2007), motor coordination and learning (Fine et al.,
2002), attention (Timmann and Daum, 2007), learning (Bussey
et al., 1996), memory (Kozlovskiy et al., 2012), and reward-based
learning (Shenhav et al., 2013). These results suggest that a
learning process may constitute a critical component of therapy
using this BCI device.
Subject performance on the BCI task, which was maintained
a relatively constant accuracy over sessions while task diffi-
culty gradually increased with time (Figure 1), also supports
the hypothesis that therapy using this BCI system promotes an
adaptive learning process. In this experiment, subjects effectively
learned to achieve greater and greater degrees of neuromodula-
tory control in order to regain a target level of accuracy when
faced with increasingly difficult tasks. In contrast to the phenom-
ena of learned non-use sometimes observed in stroke survivors
(Taub, 1976), BCI therapy allows for the practice of modulating
behavioral, muscular, and neuronal output for goal attainment
in a novel learning environment with multi-modal feedback. If
viewed as an operant conditioning mechanism, BCI therapy may
thereby facilitate neuroplasticity through this reinforcement of
central-peripheral connections (Hebb, 2005).
That the connections found to correlate in degree of
change with changes in behavioral outcomes were also largely
thalamic connections further underscores the importance of
Frontiers in Neuroengineering www.frontiersin.org July 2014 | Volume 7 | Article 25 | 7
Young et al. Functional connectivity changes with BCI
Table 3 | Correlations between changes in motor network
connectivity with changes in behavioral outcome measures.
Measure Pearson’s r Correlation p-value GEE p-value
ARAT −0.458 0.049* 0.345
9-HPT −0.640 0.010* 3.303 × 10−6*
SIS ADL 0.635 1.023 × 10−4* 1.796 × 10−4*
SIS HF 0.518 0.011* 0.038*
*Significant at p < 0.05. ARAT = Action Research Arm Test, 9-HPT = Nine-Hole
Peg Test, SIS ADL = Stroke Impact Scale—Activities of Daily Living, SIS HF =
Stroke Impact Scale—Hand Function.
understanding the role of thalamic FC in the process of motor
recovery after stroke. An examination of the relationships between
these individual connections—thalamic and non-thalamic—and
the behavioral measures studied also shows that both adaptive
and maladaptive changes may have been present. Namely, while
performance on most behavioral measures studied tended to
improve with improved FC strength, ARAT performance was
negatively correlated with increased connectivity between the
ipsilesional thalamus and ipsilesional cerebellum and between the
contralesional primary motor cortex and the contralesional sup-
plemental motor area. The simultaneous development of adap-
tive and maladaptive changes in functional connection strengths
during the process of stroke recovery has been documented in
a previous study (Wang et al., 2010) similar to the findings
presented here, while others have identified changes in FC that
may facilitate motor recovery (Rosso et al., 2013). The role of
such changes in the process of stroke recovery and the way
in which such changes may be modulated through the use of
traditional and experimental rehabilitative therapies remains to
be fully characterized and understood. However, the presence
of both adaptive and maladaptive connections may represent
a period in an ongoing recovery process in which both types
of connections are formed and subsequently modified, similar
to that of synaptic pruning and strengthening observed during
the learning and aging processes of normal development (Hebb,
2005).
Another factor that may have contributed to the develop-
ment of maladaptive functional connections is the possibility that
insufficient or unreliable feedback from the BCI device, which
might be evidenced by poor BCI task performance, could result in
frustrating the participant with the unintentional reinforcement
of maladaptive neural activity patterns. While the subjects in this
study were able to perform significantly better than chance when
using the BCI device, performance accuracy was not necessarily
at or above 70%—a common threshold used to indicate adequate
BCI control. However, the use of 70% as a threshold for BCI
performance appears to stem from earlier studies in which this
level of accuracy was needed for communication using a Language
Support Program (Kubler et al., 2001, 2005). There appears to be
less evidence supporting the use of 70% as a threshold for per-
formance accuracy when no communicative purpose is intended
for the BCI system, and in fact significant variation in individual
ability to control similar BCI cursor tasks can persist even after 10
sessions of training (McFarland et al., 2005).
FIGURE 4 | Correlations between changes in motor network FC with
changes in 9-HPT performance (A), SIS ADL scores (B), and SIS HF
scores (C). 9-HPT = Nine-Hole Peg Test, SIS ADL = Stroke Impact
Scale—Activities of Daily Living, SIS HF = Stroke Impact Scale—Hand
Function.
It is also known that at least some of the literature explor-
ing human performance in BCI tasks demonstrating consistent
performance greater than 70% tends to be biased in favor of good
performers. This bias stems from the fact that poor performers are
seldom invited to return for further testing (Fazli et al., 2009), do
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Table 4 | Correlations between changes in connection strength of individual motor network functional connections and changes in behavioral
outcome measures.
Behavioral Measure Seed-seed Covariation Pearson’s r Correlation fdr-corrected p-value GEE analysis p-value





−0.678 0.023 8.123 × 10−75
C thalamus—C primary
motor cortex
−0.851 6.36 × 10−4 1.110 × 10−6
ARAT I thalamus—I cerebellum −0.677 0.011 0.027
C primary motor cortex—C
supplementary motor area
−0.677 0.011 7.213 × 10−5
SIS HF I thalamus—C cerebellum 0.790 8.028 × 10−5 0.006




SIS ADL C thalamus—C primary
motor cortex
0.686 2.315 × 10−4 0.001
I = ipsilesional, C = contralesional, ARAT = Action Research Arm Test, 9-HPT = Nine-Hole Peg Test, SIS ADL = Stroke Impact Scale—Activities of Daily Living, SIS
HF = Stroke Impact Scale—Hand Function.
not always have their performance accuracy reported (McFarland
et al., 2008), and are not always allowed to continue the full course
of BCI training, thereby excluding them from final accuracy
reports (Wolpaw et al., 1991). In studies with no indication that
good performers have been preferentially enrolled, accuracies
over approximately 20 or more training sessions on BCI cursor
tasks can range from just above 20% to >90% depending on
game play parameters and individual performance (Wolpaw and
Mcfarland, 1994, 2004; McFarland and Wolpaw, 2003). Fur-
thermore, game play parameters were dynamically adjusted in
this study to make the game more difficult as subjects achieved
70% accuracy at a given level or difficulty. Therefore, subject
performance in this study is not necessarily expected to be at or
above 70% when averaged over all trials because subjects were
not given the opportunity to perform with greater than 70–80%
accuracy for long stretches of training without game difficulty
increasing.
While subject performance accuracy is readily calculable based
on the numbers of successful and unsuccessful trials, it is more
difficult to assess the accuracy of the feedback presented based on
task performance. This is because a subject may fail to achieve
greater than 70% accuracy even with a perfectly calibrated BCI
feedback system if the individual’s ability to modulate their
Mu/Beta desynchronization is not well controlled. Still, it may
be that imperfect feedback effectively lowered the performance
accuracy of the subjects studied, thereby frustrating the subjects
and affecting subject motivation and engagement with the ther-
apy task. Imperfect feedback may also have contributed to the
formation of the maladaptive changes in FC observed, poten-
tially rewarding suboptimal patterns of neural activity during
movement attempts or discouraging patterns that would have
been truly optimal. Nevertheless, it is worth noting that even
imperfect feedback during BCI therapy would constitute a more
reliable form of neurofeedback than the absence of such feedback
that is available during standard of care therapies such as tradi-
tional physical and occupational therapy.
It will be key in future studies to determine whether the
rehabilitative effects of BCI therapy can be adequately achieved
with the attempted use of an imperfect feedback system or if
both feedback accuracy and subject performance accuracy should
be further optimized before additional feedback modalities and
increased task difficulty are applied. In conducting the experiment
described in this paper, many subjects actually expressed a desire
for the task to be made more difficult so that the game was
not “too easy” or “boring”, even in cases where the participants
were not consistently achieving 80–100% accuracy. Changes in
game parameters to increase task difficulty appeared to help
keep subjects engaged with the BCI therapy. To this end, future
studies may also serve to better characterize the tradeoff between
increased thresholds for feedback and performance accuracy and
the benefits of maintaining subject engagement and motivation
throughout the therapy period.
There has been much interest in understanding the relative
contributions of interhemispheric and intrahemispheric FC to
motor recovery after stroke. Studies of acute stroke patients
have shown decreases in interhemispheric connectivity in the
motor cortex compared to healthy controls (Carter et al., 2010;
Golestani et al., 2013; Xu et al., 2014). Such disruptions have been
shown to correlate with ARAT performance in the acute stage of
stroke only when interhemispheric connections are considered
(Carter et al., 2010). Similarly, increases in interhemispheric
but not intrahemispheric FC between homologous regions of
the primary sensorimotor cortex have been shown to correlate
with Motricity Index scores during the first year of recovery
(Xu et al., 2014), and some patients with full recovery 90
days after stroke show a return to normal motor connectivity
within the same time frame (Golestani et al., 2013). Homotopic
interhemispheric connectivity of the motor cortex has also been
shown to correlate with motor function in chronic stroke patients
(Chen and Schlaug, 2013; Urbin et al., 2014). Our analysis
found no such differentiation between interhemispheric and
intrahemispheric functional connections, suggesting that the
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BCI therapy administered contributed to brain-behavior changes
mediated by a whole-network effect, with both individual
intrahemispheric and interhemispheric connections showing
significant relationships with behavioral gains. Nevertheless, it
may be worth noting that both individual functional connections
found to be negatively correlated with changes in ARAT
performance were intrahemispheric. Few studies have explored
changes in FC with BCI therapy. In one study, increases in FC
between the bilateral supplemental motor area and areas beyond
the motor network correlated positively with gains in Fugl-Meyer
scores after BCI therapy (Varkuti et al., 2013). Future studies of
FC changes after stroke with spontaneous and facilitated recovery
will enhance the understanding of how these changes relate to
motor gains and how such relationships may differ based on
patient and therapy characteristics.
At the network level, it has been suggested that motor recov-
ery following stroke may be enhanced with reactivation of the
motor network along with therapy that allows for adaptive motor
network reorganization (Calautti and Baron, 2003). The strong
correlation between the average strengths of inter- and intrahemi-
spheric connections throughout the therapy period also supports
the idea that the changes in FC seen with BCI therapy in this
group of subjects were effected at the whole-network level rather
than through the selective strengthening or weakening of one
class of connections. Increases in connectivity within the motor
network also correlated to changes in 9-HPT performance as well
as changes in SIS ADL and SIS HF scores. It is important to note
that this relationship with 9-HPT performance can only be said
to exist among the higher-functioning subjects included in the
study, as those with more significant impairments were unable to
complete the assessment and therefore omitted from the analysis.
While different patterns of FC change have been documented in
severely impaired stroke patients relative to their mildly impaired
counterparts (Rosso et al., 2013), the persistence of significant
relationships between motor network connectivity and 9-HPT
performance as well as with the subjective SIS domain scores,
which included subjects at all levels of impairment, suggests the
presence of a similar effect in the more impaired subjects as
well. Furthermore, the difference in behavioral measure changes
during the pre-therapy period relative to those observed during
the BCI therapy period hints that the BCI therapy administered
may be implicated in the effect.
Unfortunately it is not possible at this time to make statistical
comparisons with the limited amount of data from subjects who
underwent additional assessments during a pre-therapy period,
which would allow for a clearer understanding of the effect of the
BCI therapy administered. It is similarly difficult to disambiguate
the relative contributions of the various components of therapy
using this BCI system to the effects observed. This study remains
limited in that it cannot establish the degree to which the changes
observed are attributable to the neurofeedback aspect of the BCI
therapy and how much of these same phenomena may be due
to other aspects of therapy with this system, such as repetitive
practice or functional electrical stimulation. Nevertheless, BCI
performance results suggest that participant engagement with
the neurofeedback task persisted throughout the therapy period,
and both BCI performance and neuroimaging findings support
the existence of an active learning process over the course of
therapy as previously discussed. Therefore, it would seem that the
neurofeedback component of BCI therapy is likely to contribute
to the effects described in this study, as it demands consistent
engagement from each participant and is the only component of
the BCI system described that allows for reward-based neuromod-
ulatory training.
Other limitations of this work include the use of a relatively
small sample of heterogeneous subjects, which may have resulted
in some analyses being insufficiently powered to detect smaller
changes or more subtle relationships, especially after floor and
ceiling effects were accounted for in analyses that incorporated
behavioral data. The brain-behavior relationships observed also
remain correlational, with potential causal mechanisms underly-
ing these relationships only speculative based on the data avail-
able. To help address some of these issues, future work will aim
to study larger cohorts with a more robust seeding of the motor
network in order to allow for a more thorough representation of
motor network regions and a better description of the FC changes
that occur. Future studies will also benefit from the incorporation
of data from a larger pre-therapy or control group in order to
differentiate the effects of the BCI therapy from other factors
such as practice effects, as well as from designs in which groups
receiving passive repetitive stimuli can be compared to groups
receiving stimuli triggered by neurofeedback in order to better
isolate the effect of the neurofeedback component of these types
of devices. As the understanding of the mechanisms by which
BCI therapies may induce changes in both FC and behavioral
motor function improves, these insights may be used to guide the
development of future devices better targeted to the needs of the
patients who use them.
AUTHOR CONTRIBUTIONS
Brittany M. Young assisted in subject recruitment, data collection,
data analysis, and writing. Zack Nigogosyan assisted with data
collection and writing. Alexander Remsik assisted with data col-
lection and writing. Léo M. Walton assisted with data collection
and writing. Jie Song assisted with subject recruitment and data
collection. Veena A. Nair assisted with subject recruitment, data
collection, data analysis, and writing. Scott W. Grogan assisted
in data collection. Mitchell E. Tyler provided TDU hardware and
expertise. Dorothy F. Edwards assisted with study design and data
analysis. Kristin Caldera assisted with subject recruitment. Justin
A. Sattin assisted with study design and subject recruitment.
Justin C. Williams is one of two lead PI’s on this project and super-
vised the technical and engineering aspects of the work. Vivek
Prabhakaran is one of two lead PI’s on this project and supervised
the neuroimaging and neuroscience aspects of this work.
ACKNOWLEDGMENTS
We would like to thank all of our study subjects and their
families for their participation and support. We would also like
to thank our study coordinators Jenny Swartz, Amanda Kolter-
man, and Tally Mitchell, our MRI technicians Sara John and
Jenelle Fuller, and our statistician consultant Alejandro Munoz
del Rio. Thanks to Hui-Chun (Ruby) Chen and colleagues in
the Occupational Therapy program for assistance with behavioral
Frontiers in Neuroengineering www.frontiersin.org July 2014 | Volume 7 | Article 25 | 10
Young et al. Functional connectivity changes with BCI
assessment and electrode placement during therapy sessions.
Thanks also to Cong Han Lim for technical assistance. This work
was supported by NIH grants RC1MH090912-01, T32GM008692,
UL1TR000427, K23NS086852, T32EB011434, R01EB000856-06,
and R01EB009103-01 and by the DARPA RCI Program (MTO)
N66001-12-C-4025 and HIST Program (MTO) N66001-11-1-
4013. Additional funding was also provided through a Coulter
Translational Research Award, an American Heart Association
Postdoctoral Fellow Research Award, the American Heart Asso-
ciation Grant 1T32EB011434-01A1, the Foundation of ASNR,
UW Milwaukee-Madison Intercampus Grants, the UW Graduate
School, and by Shapiro Foundation Grants.
REFERENCES
Beebe, J. A., and Lang, C. E. (2009). Relationships and responsiveness of six upper
extremity function tests during the first six months of recovery after stroke.
J. Neurol. Phys. Ther. 33, 96–103. doi: 10.1097/NPT.0b013e3181a33638
Biswal, B., Yetkin, F. Z., Haughton, V. M., and Hyde, J. S. (1995). Functional
connectivity in the motor cortex of resting human brain using echo-planar MRI.
Magn. Reson. Med. 34, 537–541. doi: 10.1002/mrm.1910340409
Bornschlegl, M., and Asanuma, H. (1987). Importance of the projection from the
sensory to the motor cortex for recovery of motor function following partial
thalamic lesion in the monkey. Brain Res. 437, 121–130. doi: 10.1016/0006-
8993(87)91533-2
Broetz, D., Braun, C., Weber, C., Soekadar, S. R., Caria, A., and Birbaumer, N.
(2010). Combination of brain-computer interface training and goal-directed
physical therapy in chronic stroke: a case report. Neurorehabil. Neural Repair.
24, 674–679. doi: 10.1177/1545968310368683
Buch, E., Weber, C., Cohen, L. G., Braun, C., Dimyan, M. A., Ard, T., et al. (2008).
Think to move: a neuromagnetic brain-computer interface (BCI) system for
chronic stroke. Stroke 39, 910–917. doi: 10.1161/STROKEAHA.107.505313
Bussey, T. J., Muir, J. L., Everitt, B. J., and Robbins, T. W. (1996). Dissociable
effects of anterior and posterior cingulate cortex lesions on the acquisition of a
conditional visual discrimination: facilitation of early learning vs. impairment
of late learning. Behav. Brain Res. 82, 45–56. doi: 10.1016/s0166-4328(97)
81107-2
Calautti, C., and Baron, J. C. (2003). Functional neuroimaging studies of motor
recovery after stroke in adults: a review. Stroke 34, 1553–1566. doi: 10.1161/01.
str.0000071761.36075.a6
Canavan, A. G., Nixon, P. D., and Passingham, R. E. (1989). Motor learning in
monkeys (Macaca fascicularis) with lesions in motor thalamus. Exp. Brain Res.
77, 113–126. doi: 10.1007/bf00250573
Caria, A., Weber, C., Brotz, D., Ramos, A., Ticini, L. F., Gharabaghi, A., et al. (2011).
Chronic stroke recovery after combined BCI training and physiotherapy: a case
report. Psychophysiology 48, 578–582. doi: 10.1111/j.1469-8986.2010.01117.x
Carod-Artal, F. J., Coral, L. F., Trizotto, D. S., and Moreira, C. M. (2008). The
stroke impact scale 3.0: evaluation of acceptability, reliability and validity of the
Brazilian version. Stroke 39, 2477–2484. doi: 10.1161/STROKEAHA.107.513671
Carroll, D. (1965). A quantitative test of upper extremity function. J. Chronic Dis.
18, 479–491. doi: 10.1016/0021-9681(65)90030-5
Carter, A. R., Astafiev, S. V., Lang, C. E., Connor, L. T., Rengachary, J., Strube,
M. J., et al. (2010). Resting interhemispheric functional magnetic resonance
imaging connectivity predicts performance after stroke. Ann. Neurol. 67, 365–
375. doi: 10.1002/ana.21905
Cavanna, A. E., and Trimble, M. R. (2006). The precuneus: a review of its
functional anatomy and behavioural correlates. Brain 129, 564–583. doi: 10.
1093/brain/awl004
Centers for Disease Control and Prevention (CDC). (2011). Ten great public health
achievements—United States, 2001–2010. MMWRMorb. Mortal. Wkly. Rep. 60,
619–623.
Chen, J. L., and Schlaug, G. (2013). Resting state interhemispheric motor connec-
tivity and white matter integrity correlate with motor impairment in chronic
stroke. Front. Neurol. 4:178. doi: 10.3389/fneur.2013.00178
Cox, R. W. (1996). AFNI: software for analysis and visualization of functional
magnetic resonance neuroimages. Comput. Biomed. Res. 29, 162–173. doi: 10.
1006/cbmr.1996.0014
Daly, J. J., Cheng, R., Rogers, J., Litinas, K., Hrovat, K., and Dohring, M.
(2009). Feasibility of a new application of noninvasive Brain Computer Inter-
face (BCI): a case study of training for recovery of volitional motor control
after stroke. J. Neurol. Phys. Ther. 33, 203–211. doi: 10.1097/NPT.0b013e3181
c1fc0b
Duncan, P. W., Wallace, D., Lai, S. M., Johnson, D., Embretson, S., and Laster, L. J.
(1999). The stroke impact scale version 2.0. Evaluation of reliability, validity and
sensitivity to change. Stroke 30, 2131–2140. doi: 10.1161/01.str.30.10.2131
Enzinger, C., Dawes, H., Johansen-Berg, H., Wade, D., Bogdanovic, M., Collett,
J., et al. (2009). Brain activity changes associated with treadmill training after
stroke. Stroke 40, 2460–2467. doi: 10.1161/STROKEAHA.109.550053
Fazli, S., Popescu, F., Danoczy, M., Blankertz, B., Muller, K. R., and Grozea, C.
(2009). Subject-independent mental state classification in single trials. Neural
Netw. 22, 1305–1312. doi: 10.1016/j.neunet.2009.06.003
Felton, E. A., Wilson, J. A., Williams, J. C., and Garell, P. C. (2007). Electrocor-
ticographically controlled brain-computer interfaces using motor and sensory
imagery in patients with temporary subdural electrode implants. Report of four
cases. J. Neurosurg. 106, 495–500. doi: 10.3171/jns.2007.106.3.495
Fine, E. J., Ionita, C. C., and Lohr, L. (2002). The history of the development of the
cerebellar examination. Semin. Neurol. 22, 375–384. doi: 10.1055/s-2002-36759
Fitts, P. M. (1954). The information capacity of the human motor system in
controlling the amplitude of movement. J. Exp. Psychol. 47, 381–391. doi: 10.
1037/h0055392
Go, A. S., Mozaffarian, D., Roger, V. L., Benjamin, E. J., Berry, J. D., Blaha, M. J.,
et al. (2014). Executive summary: heart disease and stroke statistics—2014
update: a report from the American Heart Association. Circulation 129, 399–
410. doi: 10.1161/01.cir.0000442015.53336.12
Golestani, A. M., Tymchuk, S., Demchuk, A., and Goodyear, B. G. (2013). Lon-
gitudinal evaluation of resting-state FMRI after acute stroke with hemiparesis.
Neurorehabil. Neural Repair 27, 153–163. doi: 10.1177/1545968312457827
Grefkes, C., and Fink, G. R. (2011). Reorganization of cerebral networks after
stroke: new insights from neuroimaging with connectivity approaches. Brain
134, 1264–1276. doi: 10.1093/brain/awr033
Hebb, D. O. (2005). The Organization of Behavior: A Neuropsychological Theory.
London: Taylor and Francis.
James, G. A., Lu, Z. L., VanMeter, J. W., Sathian, K., Hu, X. P., and Butler, A. J.
(2009). Changes in resting state effective connectivity in the motor network fol-
lowing rehabilitation of upper extremity poststroke paresis. Top. Stroke Rehabil.
16, 270–281. doi: 10.1310/tsr1604-270
Jiang, L., Xu, H., and Yu, C. (2013). Brain connectivity plasticity in the motor
network after ischemic stroke. Neural Plast. 2013:924192. doi: 10.1155/2013/
924192
Kelly-Hayes, M., Beiser, A., Kase, C. S., Scaramucci, A., D’agostino, R. B., and Wolf,
P. A. (2003). The influence of gender and age on disability following ischemic
stroke: the Framingham study. J. Stroke Cerebrovasc. Dis. 12, 119–126. doi: 10.
1016/s1052-3057(03)00042-9
Kozlovskiy, S. A., Vartanov, A. V., Nikonova, E. Y., Pyasik, M. M., and Velichkovsky,
B. M. (2012). The cingulate cortex and human memory processes. Psychol.
Russia State Art 5, 231–243. doi: 10.11621/pir.2012.0014
Kubler, A., Neumann, N., Kaiser, J., Kotchoubey, B., Hinterberger, T., and
Birbaumer, N. P. (2001). Brain-computer communication: self-regulation of
slow cortical potentials for verbal communication. Arch. Phys. Med. Rehabil. 82,
1533–1539. doi: 10.1053/apmr.2001.26621
Kubler, A., Nijboer, F., Mellinger, J., Vaughan, T. M., Pawelzik, H., Schalk, G., et al.
(2005). Patients with ALS can use sensorimotor rhythms to operate a brain-
computer interface. Neurology 64, 1775–1777. doi: 10.1212/01.wnl.0000158616.
43002.6d
Lackland, D. T., Roccella, E. J., Deutsch, A. F., Fornage, M., George, M. G., Howard,
G., et al. (2014). Factors influencing the decline in stroke mortality: a statement
from the American Heart Association/American Stroke Association. Stroke 45,
315–353. doi: 10.1161/01.str.0000437068.30550.cf
Lang, C. E., Wagner, J. M., Dromerick, A. W., and Edwards, D. F. (2006). Mea-
surement of upper-extremity function early after stroke: properties of the action
research arm test. Arch. Phys. Med. Rehabil. 87, 1605–1610. doi: 10.1016/j.apmr.
2006.09.003
Lee, M. S., and Marsden, C. D. (1994). Movement disorders following lesions of
the thalamus or subthalamic region. Mov. Disord. 9, 493–507. doi: 10.1002/mds.
870090502
Frontiers in Neuroengineering www.frontiersin.org July 2014 | Volume 7 | Article 25 | 11
Young et al. Functional connectivity changes with BCI
Leuthardt, E. C., Schalk, G., Wolpaw, J. R., Ojemann, J. G., and Moran, D. W.
(2004). A brain-computer interface using electrocorticographic signals in
humans. J. Neural Eng. 1, 63–71. doi: 10.1088/1741-2560/1/2/001
Liu, M., Fujiwara, T., Shindo, K., Kasashima, Y., Otaka, Y., Tsuji, T., et al. (2012).
Newer challenges to restore hemiparetic upper extremity after stroke: HANDS
therapy and BMI neurorehabilitation. Hong Kong Physiother. J. 30, 83–92.
doi: 10.1016/j.hkpj.2012.05.001
McFarland, D. J., Krusienski, D. J., Sarnacki, W. A., and Wolpaw, J. R. (2008).
Emulation of computer mouse control with a noninvasive brain-computer
interface. J. Neural Eng. 5, 101–110. doi: 10.1088/1741-2560/5/2/001
McFarland, D. J., Sarnacki, W. A., Vaughan, T. M., and Wolpaw, J. R. (2005). Brain-
computer interface (BCI) operation: signal and noise during early training
sessions. Clin. Neurophysiol. 116, 56–62. doi: 10.1016/j.clinph.2004.07.004
McFarland, D. J., and Wolpaw, J. R. (2003). EEG-based communication and
control: speed-accuracy relationships. Appl. Psychophysiol. Biofeedback 28, 217–
231. doi: 10.1023/A:1024685214655
Mukaino, M., Ono, T., Shindo, K., Fujiwara, T., Ota, T., Kimura, A., et al.
(2014). Efficacy of brain-computer interface-driven neuromuscular electrical
stimulation for chronic paresis after stroke. J. Rehabil. Med. 46, 378–382. doi: 10.
2340/16501977-1785
Niedermeyer, E., and da Silva, F. H. L. (2005). Electroencephalography: Basic
Principles, Clinical Applications and Related Fields. Philadelphia, PA: Lippincott
Williams and Wilkins.
Nocchi, F., Gazzellini, S., Grisolia, C., Petrarca, M., Cannata, V., Cappa, P., et al.
(2012). Brain network involved in visual processing of movement stimuli used
in upper limb robotic training: an fMRI study. J. Neuroeng. Rehabil. 9:49. doi: 10.
1186/1743-0003-9-49
Park, C. H., Chang, W. H., Ohn, S. H., Kim, S. T., Bang, O. Y., Pascual-
Leone, A., et al. (2011). Longitudinal changes of resting-state functional con-
nectivity during motor recovery after stroke. Stroke 42, 1357–1362. doi: 10.
1161/STROKEAHA.110.596155
Prasad, G., Herman, P., Coyle, D., Mcdonough, S., and Crosbie, J. (2010). Applying
a brain-computer interface to support motor imagery practice in people with
stroke for upper limb recovery: a feasibility study. J. Neuroeng. Rehabil. 7:60.
doi: 10.1186/1743-0003-7-60
Ramos-Murguialday, A., Broetz, D., Rea, M., Laer, L., Yilmaz, O., Brasil, F. L., et al.
(2013). Brain-machine interface in chronic stroke rehabilitation: a controlled
study. Ann. Neurol. 74, 100–108. doi: 10.1002/ana.23879
Rosso, C., Valabregue, R., Attal, Y., Vargas, P., Gaudron, M., Baronnet, F., et al.
(2013). Contribution of corticospinal tract and functional connectivity in hand
motor impairment after stroke. PLoS One 8:e73164. doi: 10.1371/journal.pone.
0073164
Rota, G., Handjaras, G., Sitaram, R., Birbaumer, N., and Dogil, G. (2011). Reor-
ganization of functional and effective connectivity during real-time fMRI-BCI
modulation of prosody processing. Brain Lang. 117, 123–132. doi: 10.1016/j.
bandl.2010.07.008
Schalk, G., Mcfarland, D. J., Hinterberger, T., Birbaumer, N., and Wolpaw,
J. R. (2004). BCI2000: a general-purpose brain-computer interface (BCI)
system. IEEE Trans. Biomed. Eng. 51, 1034–1043. doi: 10.1109/tbme.2004.
827072
Shenhav, A., Botvinick, M. M., and Cohen, J. D. (2013). The expected value of
control: an integrative theory of anterior cingulate cortex function. Neuron 79,
217–240. doi: 10.1016/j.neuron.2013.07.007
Shindo, K., Kawashima, K., Ushiba, J., Ota, N., Ito, M., Ota, T., et al. (2011). Effects
of neurofeedback training with an electroencephalogram-based brain-computer
interface for hand paralysis in patients with chronic stroke: a preliminary
case series study. J. Rehabil. Med. 43, 951–957. doi: 10.2340/16501977-
0859
Shirer, W. R., Ryali, S., Rykhlevskaia, E., Menon, V., and Greicius, M. D. (2012).
Decoding subject-driven cognitive states with whole-brain connectivity pat-
terns. Cereb. Cortex 22, 158–165. doi: 10.1093/cercor/bhr099
Takahashi, M., Takeda, K., Otaka, Y., Osu, R., Hanakawa, T., Gouko, M., et al.
(2012). Event related desynchronization-modulated functional electrical stim-
ulation system for stroke rehabilitation: a feasibility study. J. Neuroeng. Rehabil.
9:56. doi: 10.1186/1743-0003-9-56
Talairach, J., and Tournoux, P. (1988). Co-planar Stereotaxic Atlas of the Human
Brain: 3-dimensional Proportional System. New York: Thieme Medical Pub.
Taub, E. (1976). Movement in nonhuman primates deprived of somatosensory
feedback. Exerc. Sport Sci. Rev. 4, 335–374. doi: 10.1249/00003677-197600040-
00012
Timmann, D., and Daum, I. (2007). Cerebellar contributions to cognitive func-
tions: a progress report after two decades of research. Cerebellum 6, 159–162.
Towfighi, A., and Saver, J. L. (2011). Stroke declines from third to fourth leading
cause of death in the United States: historical perspective and challenges ahead.
Stroke 42, 2351–2355. doi: 10.1161/STROKEAHA.111.621904
Urbin, M. A., Hong, X., Lang, C. E., and Carter, A. R. (2014). Resting-State
functional connectivity and its association with multiple domains of upper-
extremity function in chronic stroke. Neurorehabil. Neural Repair doi: 10.
1177/1545968314522349. [Epub ahead of print].
Varkuti, B., Guan, C., Pan, Y., Phua, K. S., Ang, K. K., Kuah, C. W., et al.
(2013). Resting state changes in functional connectivity correlate with move-
ment recovery for BCI and robot-assisted upper-extremity training after stroke.
Neurorehabil. Neural Repair 27, 53–62. doi: 10.1177/1545968312445910
Wang, C., Qin, W., Zhang, J., Tian, T., Li, Y., Meng, L., et al. (2014). Altered func-
tional organization within and between resting-state networks in chronic sub-
cortical infarction. J. Cereb. Blood Flow Metab. 34, 597–605. doi: 10.1038/jcbfm.
2013.238
Wang, L., Yu, C., Chen, H., Qin, W., He, Y., Fan, F., et al. (2010). Dynamic functional
reorganization of the motor execution network after stroke. Brain 133, 1224–
1238. doi: 10.1093/brain/awq043
Westlake, K. P., and Nagarajan, S. S. (2011). Functional connectivity in relation to
motor performance and recovery after stroke. Front. Syst. Neurosci. 5:8. doi: 10.
3389/fnsys.2011.00008
Wilson, J. A., Schalk, G., Walton, L. M., and Williams, J. C. (2009). Using an EEG-
based brain-computer interface for virtual cursor movement with BCI2000.
J. Vis. Exp. 29:1319. doi: 10.3791/1319
Wolpaw, J. R., and Mcfarland, D. J. (1994). Multichannel EEG-based brain-
computer communication. Electroencephalogr. Clin. Neurophysiol. 90, 444–449.
doi: 10.1016/0013-4694(94)90135-x
Wolpaw, J. R., and Mcfarland, D. J. (2004). Control of a two-dimensional move-
ment signal by a noninvasive brain-computer interface in humans. Proc. Natl.
Acad. Sci. U S A 101, 17849–17854. doi: 10.1073/pnas.0403504101
Wolpaw, J. R., Mcfarland, D. J., Neat, G. W., and Forneris, C. A. (1991). An EEG-
based brain-computer interface for cursor control. Electroencephalogr. Clin.
Neurophysiol. 78, 252–259. doi: 10.1016/0013-4694(91)90040-b
Xu, H., Qin, W., Chen, H., Jiang, L., Li, K., and Yu, C. (2014). Contribution of the
resting-state functional connectivity of the contralesional primary sensorimotor
cortex to motor recovery after subcortical stroke. PLoS One 9:e84729. doi: 10.
1371/journal.pone.0084729
Zhang, J., Meng, L., Qin, W., Liu, N., Shi, F. D., and Yu, C. (2014). Structural damage
and functional reorganization in Ipsilesional M1 in well-recovered patients with
subcortical stroke. Stroke 45, 788–793. doi: 10.1161/STROKEAHA.113.003425
Conflict of Interest Statement: There is one patent pending on the closed-loop
neurofeedback device used for the therapy administered in this study (Pending U.S.
Patent Application No. 12/715,090). This patent was filed jointly by the two lead
investigators Justin C. Williams and Vivek Prabhakaran. Otherwise, the authors
have no conflicts of interest to report, as this research was conducted in the absence
of commercial and financial relationships that might compromise the integrity of
the results reported herein.
Received: 07 March 2014; accepted: 19 June 2014; published online: 08 July 2014.
Citation: Young BM, Nigogosyan Z, Remsik A, Walton LM, Song J, Nair VA, Grogan
SW, Tyler ME, Edwards DF, Caldera K, Sattin JA, Williams JC and Prabhakaran V
(2014) Changes in functional connectivity correlate with behavioral gains in stroke
patients after therapy using a brain-computer interface device. Front. Neuroeng. 7:25.
doi: 10.3389/fneng.2014.00025
This article was submitted to the journal Frontiers in Neuroengineering.
Copyright © 2014 Young, Nigogosyan, Remsik, Walton, Song, Nair, Grogan, Tyler,
Edwards, Caldera, Sattin, Williams and Prabhakaran. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) or licensor are credited and that the original publication in this
journal is cited, in accordance with accepted academic practice. No use, distribution
or reproduction is permitted which does not comply with these terms.
Frontiers in Neuroengineering www.frontiersin.org July 2014 | Volume 7 | Article 25 | 12
